Abstract Nearly one-third of patients with calcium stones have hyperuricosuria. In vitro studies and clinical trials have investigated the relationship between uric acid and calcium stones, but the association between hyperuricosuria and calcium stone formation in patients is still being debated. Uric acid appears to cause salting out of calcium oxalate in human urine. However, the importance of this in vitro phenomenon to the proposed association is not supported in cross-sectional observational studies. A small placebo-controlled randomized clinical trial showed that allopurinol decreased the rate of recurrent calcium oxalate calculi in patients with hyperuricosuria and normocalciuria. An assessment of the effect of combination therapy of allopurinol with indapamide showed no additive effect. Allopurinol may have antioxidant effects that are responsible for its reducing calcium stone formation, which are independent of xanthine oxidase inhibition. In addition, a newer xanthine oxidoreductase inhibitor, febuxostat, may also be effective in the prevention of calcium stones, as it reduces urinary uric acid excretion.
Introduction
The association between calcium stones and hyperuricosuria has long been a subject of investigation. Approximately onethird of patients with calcium stones have hyperuricosuria [1] . For these patients, a long-standing hypothesis has held that tailored pharmacological therapies, rather than general preventive recommendations (such as ''increase fluid intake''), may be important for minimizing recurring stones. In vitro studies and clinical trials have been paramount in investigating the relationship between uric acid and calcium stones, without necessarily achieving consensus. For instance, in vitro studies have shown that increasing amounts of dissolved urate in human urine promote crystallization of calcium oxalate [2] . Clinical studies show that urate lowering therapy, using the xanthine oxidoreductase inhibitor allopurinol, decreases urinary uric acid excretion and reduces the recurrence of calcium stones [3] . However, these data supporting the association of hyperuricosuria and calcium oxalate stones are contradicted by observational (cross-sectional) clinical data, raising doubt about whether uric acid promotes calcium oxalate stones in vivo. In this paper we review the historical data regarding hyperuricosuria and calcium stones, the effect of allopurinol on stone recurrence, and then present our recent work on febuxostat in this setting.
Does hyperuricosuria promote calcium stones?
Several theories have been proposed to explain the possible mechanism of calcium stone formation in hyperuricosuric patients. Lonsdale and Coe et al. [4, 5] suggested a role for epitaxy, the formation of one crystal on top of another, related to heterogeneous nucleation, as an explanation for calcium oxalate stone formation in the presence of hyperuricosuria. Addition of crystalline sodium urate (but not uric acid) accelerated crystallization of calcium oxalate from a metastable solution [5] .
Grover et al. confirmed the occurrence of epitaxy, or heterogeneous nucleation, in aqueous inorganic solutions designed to have similar solute concentrations as human urine. However, they also recognized that uric acid may promote calcium oxalate crystallization by another mechanism in human urine [6] [7] [8] . They proposed a ''salting out'' mechanism [2, 9] . Salting out is a decrease in solubility of a non-electrolyte with increasing concentrations of electrolyte, causing the former to precipitate from solution. In the current example, calcium oxalate is poorly soluble and uncharged and is considered the non-electrolyte, while uric acid is the more soluble, charged electrolyte that causes precipitation of calcium oxalate [2] . The salting out mechanism was confirmed in human urine, obtained from 20 men with no history of urolithiasis [7] . The urine samples were centrifuged, filtered and treated with increasing amounts of sodium urate. Spontaneous precipitation of calcium oxalate was observed with increasing urate concentration. Increasing the urate concentration effectively halved the amount of oxalate required to provoke calcium oxalate crystallization in human urine and increased the size of particles deposited. Spontaneous precipitation of calcium oxalate did not occur in more dilute urine samples, but crystallization occurred after addition of oxalate. Observation of the precipitates by infrared, ultraviolet spectroscopic analysis, and X-ray powder diffraction, did not detect any urate crystallization. The conclusion was that epitaxy, or heterogenous nucleation, was not the phenomenon responsible for promotion of calcium oxalate precipitation by uric acid. Rather, stone formation was due to calcium oxalate being salted out of solution.
The notion that calcium stones were promoted by hyperuricosuria arose from small case series and observational studies that suggested the relationship. However, the association was not supported in a larger cross-sectional study [10] . Participants with a history of kidney stones in the Nurses' Health Study I and II (NHS I and II), older and younger women respectively, and Health Professionals Follow-Up Study (HPFS), men, provided 24-h urine samples. There was no evidence that higher urinary uric acid excretion distinguished the prevalence of stones in the cases from the randomly selected controls. In fact, multivariable relative risk of kidney stones in the NHS II and the HPFS cohorts showed that stone risk decreased as uric acid excretion increased. The authors attempted to ensure that their results were not incorrect because of reporting artifacts related to the fact that uric acid is insoluble at low pH. Patients with urine pH \6.0 may appear to have low uric acid excretion values because their uric acid is in a crystalline, non-assayable form; laboratories should increase the pH of the urine before measurement of uric acid. To account for that possibility, they showed that uric acid was not associated with greater risk of stones at higher urine pH since uric acid excretion might have been measured more accurately at higher urine pH, and reported as falsely low at low pH values. The accuracy of stone ascertainment in these cohorts is repeatedly reported as [90 % so that false positive reports probably cannot account for the findings. In summary, these results, clearly contradicting the previous literature suggesting that hyperuricosuria increases the risk for calcium stones, led Curhan et al. to actually suggest a possible role of uric acid in prevention of stone formation in the HPFS cohort (but not in NHS I). As these studies are large, and the methods sound, it is currently unclear if uric acid excretion is a risk factor for calcium stones, despite the in vitro phenomena that appear indisputable.
Clinical trials
Ettinger [11] hypothesized that allopurinol would decrease the rate of recurrent calcium oxalate calculi in patients with hyperuricosuria and normocalciuria. Participants were selected based on calculus analysis. Subjects with [79 % calcium oxalate stone composition were selected. Half of these patients had recurrent stone disease. Subjects that were included had two or more stones within 5 years and at least one stone within the last 2 years. The urinary inclusion criteria required that participants had hyperuricosuria, defined as urinary uric acid excretion [800 mg/day in men and [750 mg/day in women, while on a self-selected diet. Only patients with normocalciuria were included, defined by \300 mg/day in men and \250 mg/day in women. Of the 102 patients eligible for the study, 72 patients were finally enrolled.
The subjects were randomly assigned 1:1 to allopurinol 100 mg three times daily or placebo. They were given no dietary advice except to increase their fluid intake. Outcomes over 39 months of treatment were determined by stone presence on plain radiograph at baseline and then yearly, as well as counting episodes of stone passage. Events in the first 6 months were ignored due to the possibility of pre-existing stones. After completing at least 6 months of treatment 60 subjects were included in the analysis. The subjects in both groups had similar age, body mass index (BMI), and serum and urine chemistries at baseline. As expected, allopurinol treatment caused a significant (p \ 0.05) decline in urinary uric acid excretion compared to baseline. Mean urinary uric acid decreased by over 300 mg/24 h at 3 months after entry and finally decreased to over 400 mg/24 h from baseline at 24 months post entry. Mean serum uric acid concentration also significantly decreased by 1.7 mg/dl 3 months after entry compared to baseline in the allopurinol treated group (p \ 0.001). Formation of new stones occurred in 18 participants receiving placebo and 9 participants receiving allopurinol. In addition, the allopurinol group had a significantly longer time before recurrence. The authors concluded that allopurinol would be useful clinically in patients with calcium oxalate calculi and isolated hyperuricosuria.
Borghi et al. investigated the effect of combination therapy of allopurinol with indapamide, a thiazide-like drug used in the treatment of hypertension that also lowers urinary calcium excretion [12] . This study randomized 75 patients with hypercalciuria ([300 mg/24 h in men and [250 mg/24 h in women or urine Ca [4 mg/kg or Ca/ creatinine [0.20 mg/dl) to three groups: (1) diet low in calcium, sodium, purines, and oxalate and increased fluid intake; (2) the same diet with increased fluid intake and 2.5 mg of indapamide each day; (3) the same diet, increased fluid intake, with 2.5 mg of indapamide and 300 mg of allopurinol each day. The measured outcome was stone formation over 3 years of treatment. The first group did not show a significant decrease from baseline in calcium stone rates with diet and fluid intervention alone (from 0.8 ± 0.5 to 0.3 ± 0.5). The second group saw a significant (p \ 0.02) decrease in stone rates with indapamide treatment (1.4 ± 1.8 to 0.1 ± 0.2). The third group with combination therapy of allopurinol and indapamide also had a significant decrease in stone rates from baseline (from 1.2 ± 1.4 to 0.04 ± 0.1, p \ 0.02) but the combination therapy did not result in a significantly different change from indapamide alone. The conclusion was that allopurinol had no further effect when added to indapamide, which was relatively effective alone. Ettinger's study excluded patients with hypercalciuria, while Borghi et al.'s study included them, but lowered urine calcium with thiazides. It therefore remains uncertain if urate-lowering therapy is effective alone in the presence of hypercalciuria and whether hyperuricosuria is an important risk factor in patients with concomitant hypercalciuria.
Allopurinol's mechanism of lowering calcium stone occurrence may be unrelated to its uric acid lowering mechanism. The literature suggests a relationship between uric acid and calcium oxalate solubility, but the observational studies of Curhan et al. were not supportive of this hypothesis [10, 11] . This lack of consistency may suggest that allopurinol may have other effects not related to its reduction in uric acid synthesis. For instance, allopurinol may have antioxidant effects that are responsible for the decrease in calcium stone formation, which are independent of xanthine oxidase inhibition.
These other effects are exemplified by a randomized cross-over study that explored allopurinol's ability to improve endothelial function aside from its known mechanism of lowering uric acid [13] . The investigators found that high-dose allopurinol 600 mg/day acted as an antioxidant, reducing vascular oxidative stress, and improving endothelial function [13] . To compare this result to similar levels of urate lowering, the investigators used probenecid (at 1,000 mg/day), a uricosuric drug used in the treatment of gout and hyperuricemia. Despite causing similar reduction of serum urate as allopurinol, probenecid had no effect on endothelial function. This experiment suggests that there are context specific effects of allopurinol therapy, beyond its ability to lower serum or urine uric acid. These other effects may relate to other hypotheses regarding calcium stone formation. For instance, a vascular etiology for initiation of stones has been proposed [14] . Recent data demonstrating an association of stones with coronary heart disease are also of interest [15] . The role of inflammation and reactive oxygen species in the initiation of stone disease has long been thought to be relevant as well [16] . In short, an action of allopurinol in preventing stones through an effect other than urate lowering is plausible, if currently highly speculative.
Febuxostat
A newer xanthine oxidoreductase inhibitor, febuxostat, may also be effective in the prevention of calcium stones. Febuxostat is a non-purine analog xanthine oxidoreductase inhibitor and may therefore have fewer effects than allopurinol on enzymes involved in purine and pyrimidine metabolism. The clinical significance of this specificity has not yet been demonstrated. It is predominantly metabolized by the liver and has therefore been promoted as a treatment for gout for patients with concurrent chronic kidney disease; no dose adjustment is needed for glomerular filtration rates down to 30 ml/min/1.73 m 2 . We performed a randomized controlled trial to compare the efficacy of febuxostat vs. allopurinol or placebo in patients with high urinary uric acid excretion and calcium nephrolithiasis [17] . We hypothesized that febuxostat would reduce uric acid excretion, prevent calcium stone growth, and be at least equivalent to allopurinol in individuals with calcium stones and higher urinary uric acid excretion. Inclusion criteria were men and women with [700 mg/day urinary uric acid and a recent stone, with one or more calcium stones C3 mm in diameter on computed tomography. Some of the exclusion criteria included gout, secondary hyperuricemia, or higher urinary calcium excretion.
The outcome was measured with 24-h urinary uric acid and computed tomography. After 6 months of treatment, patients on febuxostat had the greatest decrease in urinary uric acid from baseline compared to allopurinol and placebo (p = 0.003, Fig. 1 ). There was no effect on stone size and number for either xanthine oxidoreductase inhibitor, compared with placebo, after 6 months of this study. This lack of effect is not surprising since studies of calcium stone prevention that are of \2 years duration are unlikely to show efficacy [18] . We hope to perform a study of at least 3 years duration to determine whether febuxostat is effective in preventing recurrent calcium stones. The maximum dose of allopurinol approved by the US Food and Drug Administration is 800 mg per day, but 300 mg is the most commonly prescribed dose. While febuxostat 80 mg appears to lead to a greater reduction in urinary uric acid excretion than allopurinol 300 mg, higher doses of allopurinol may be equally effective.
Conclusions
Uric acid clearly reduces the solubility of calcium oxalate in vitro. However, observational studies of hyperuricosuria have not convincingly demonstrated a resulting risk of calcium oxalate stones. One study of the xanthine oxidoreductase inhibitor allopurinol demonstrated benefit in patients with hyperuricosuria who did not have hypercalciuria. Another 6-month study of febuxostat and allopurinol showed no beneficial effect but was probably too short to do so. Febuxostat 80 mg lowered urinary uric acid excretion more than did 300 mg of allopurinol, but the latter could be used safely at higher doses and could probably achieve the same effect. Whether there is benefit of lowering uric acid excretion in patients with hypercalciuria has not been established. The role of hyperuricosuria in calcium stone formation remains relatively unresolved. 
